ABSTRACT: Anthropogenic climate change poses a major threat to global biodiversity with a potential to alter biological interactions at all spatial scales. Amphibians are the most threatened vertebrates and have been subject to increasing conservation attention over the past decade. A particular concern is the pandemic emergence of the parasitic chytrid fungus Batrachochytrium dendrobatidis, which has been identified as the cause of extremely rapid large-scale declines and species extinctions. Experimental and observational studies have demonstrated that the host -pathogen system is strongly influenced by climatic parameters and thereby potentially affected by climate change. Herein we project a species distribution model of the pathogen onto future climatic scenarios generated by the IPCC to examine their potential implications on the pandemic. Results suggest that predicted anthropogenic climate change may reduce the geographic range of B. dendrobatidis and its potential influence on amphibian biodiversity. 
INTRODUCTION
Increasing anthropogenic activity is causing environmental change and severely degrading global biodiversity. It has been suggested that we are currently witnessing the onset of a sixth mass extinction (Wake & Vredenburg 2008) . Amphibians are among the most dramatically affected organisms, with about one-third of the approximately 6500 described species threatened with extinction under the IUCN Red List of Threatened Species (Gascon et al. 2007 , Stuart et al. 2008 . The emerging infectious disease chytridiomycosis, caused by the chytrid fungus Batrachochytrium dendrobatidis (Bd), has been given particular attention (Mendelson et al. 2006 , Lips et al. 2008 . The pandemic spread of this pathogen (from a yet unknown source) is suggested to be the proximate cause of rapid decline and extinction of amphibian species across the globe (Skerratt et al. 2007 , Stuart et al. 2008 . It has been shown that susceptibility to Bd is widely distributed among the Amphibia, both geographically and taxonomically . Although some evidence is controversial (Rohr et al. 2008) , there is general consensus that the hostpathogen system is strongly influenced by climatic parameters (Woodhams & Alford 2005 , Pounds et al. 2006 , Rachowicz et al. 2006 , Alford et al. 2007 , Bosch et al. 2007 , Andre et al. 2008 , Laurance 2008 , Lips et al. 2008 , Pounds & Coloma 2008 , Kielgast et al. 2009 ). Furthermore, Bd's thermal tolerance and growth rate, determined in laboratory studies (Piotrowski et al. 2004) , are well reflected in prevalence and intensity of Bd infection in the wild , Kielgast et al. 2009 ).
Species distribution models (SDMs) are a widely used tool in contemporary data-driven conservation biology (Araújo et al. 2004 , Kremen et al. 2008 ) and can be successfully applied to predict potential distributions of diseases (e.g. Levine et al. 2007 , Lafferty 2009 ). In SDMs, predictions of a species' potential distribution can be made using GIS technology and environmental parameters such as climate, characterizing the species' niche. The SDM result is a map indicating the environmental (e.g. climatic) suitability at given sites for the target species. In order to uncover Bd's invasive geographic potential including uninfected regions, some authors have already successfully applied SDMs on Bd using climatic predictors (Ron 2005 , Puschendorf et al. 2009 , Rödder et al. 2009a ). However, predictions on future scenarios for the panzootic including anthropogenic climate change are lacking. We suggest that such an approach is intriguing and relevant, as alteration of species distributions related to climate change is expected to happen on a large scale over the next decades (Parmesan 2006) . Additionally, the particular impact of future anthropogenic climate change on Bd spread and chytridiomycosis epizootics has already been advocated by multiple authors (e.g. Pounds et al. 2006 , 2007 , Alford et al. 2007 , Bosch et al. 2007 , Laurance 2008 , Pounds & Coloma 2008 . In the present study, we develop an SDM to characterize Bd's climate niche and project it onto currently expected anthropogenic future climate change scenarios.
MATERIALS AND METHODS
We ran a Bd SDM (Fig. 1A) using Maxent 3.3.1 (Phillips et al. 2006 , Phillips & Dudík 2008 www.cs. princeton.edu/~schapire/maxent), in the manner of Rödder et al. (2009a) . It was based on 365 globally distributed Bd records taken from www.spatialepide miology.net/bd-maps; species records posted on this webpage were compiled from numerous scientific publications (cited on the webpage). Bd surveys were not conducted randomly over the world (Fig. 1A) , leaving the possibility of a sample selection bias violating SDM assumptions (Phillips 2008) . Therefore, 19 bioclim values (Nix 1986 , Busby 1991 provided by Worldclim (Hijmans et al. 2005a ) records were extracted from Bd records and a cluster analysis based on Euclidean distances was performed. Resulting classes were blunted at a threshold of 200 classes, and only one randomly chosen record per class was used for further processing. This method reduces the amount of duplicate information in the feature space and thereby the impact of samples clumped in geographic space (Rödder et al. 2009a ). All calculations were performed with XLSTAT 2008 (Addinsoft, www.xlstat.com).
Maxent has been developed within the machine learning community and implements an algorithm for making predictions and inferences from incomplete information. This algorithm estimates geographic distributions of species from environmental conditions as observed from species records and random background data by finding the maximum entropy distribution (Phillips et al. 2006 , Phillips & Dudík 2008 . In the present study, the logistic output format was chosen, which produces continuous, linear scaled maps ranging from 0 (unsuitable) to 1 (optimal) showing the potential distribution of the target species. This method allows for more fine-scale distinction of the potential distributions than what can be achieved with similar methods such as GARP (genetic algorithm for rule-set production) models (Phillips et al. 2006) . Also, in numerous comparative studies, Maxent has achieved better results than other presence-only methods (Elith et al. 2006 , Hernandez et al. 2006 . It has been suggested that ensemble model predictions may enhance the reliability and robustness of SDM results (Araújo & New 2007) . Therefore, 100 models were computed and subsequently integrated into a map indicating the average Maxent value per grid cell.
As environmental predictors, 6 bioclimate variables were used: annual mean temperature, maximum temperature of the warmest month, minimum temperature of the coldest month, annual precipitation, precipitation of the wettest month and precipitation of the driest month (Hijmans et al. 2005a, www.worldclim.org) . Laboratory studies (Piotrowski et al. 2004 , Woodhams et al. 2008 , field studies , Kielgast et al. 2009 ) and previous attempts to map Bd's potential distribution at a local scale , Puschendorf et al. 2009 ) have shown that these parameters are physiologically relevant for this pathogen and correlated with Bd prevalence and infection rates.
Ideally, the area from which random background data is obtained for model building reflects those regions accessible to the target species, since areas with climate conditions not analogous to those represented by background data may lead to uncertainties in model predictions (Phillips 2008) . To account for this, background samples were restricted to areas from which Bd was detected in the wild. Maxent automatically allows an identification of the degree of uncertainty when projecting models (clamping), which was removed from our Bd SDM.
Model validation was performed by using the area under the curve (AUC), referring to the receiver operating characteristic (ROC) curve, a threshold-independent index widely used in ecological modelling (e.g. Manel et al. 2001 , Elith et al. 2006 . Two tests were performed: (1) the model's ability to distinguish between Bd records and randomly chosen background points (referred to as AUC training ) and (2) its ability to predict a subset of records, setting aside 25% randomly chosen Bd records as test points and using the remaining ones as training points (referred to as AUC test ). Maxent calculates the mean minimum training presence and the mean lowest 10th percentile training presences at each run; values greater than these may be interpreted as reasonable approximation of a species' potential distribution. Nevertheless, the higher a Maxent value the better the climatic suitability for the modelled species (Phillips et al. 2006 , Phillips & Dudík 2008 . For quantitative comparisons between current-day and future scenarios, we counted the number of SDM grid cells of different Maxent values with DIVA-GIS 5.4 (Hijmans et al. 2005b) .
For future projections, we used anthropogenic future climate change scenarios for the year 2080 based the CCCMA, CSIRO and HADCM3 models (Flato et al. 2000 , Gordon et al. 2000 and the emissions scenarios reported in the IPCC Special Report on Emissions Scenarios (SRES) (IPCC 2000) . A set of different families of emission scenarios was formulated based on future production of greenhouse gases and aerosol precursor emissions by the IPCC, which distinctly address demographic, politico-economic, social and technological developmental aspects of climate change. The SRES families A2a and B2a were used in the present study. Each family described one possible demographic, politico-economic, social and technological future. B2a emphasizes more environmentally conscious, regionalized solutions to economic, social and environmental sustainability. Compared to B2a, scenarios of the A2a family also emphasize regionalized solutions to economic and social development, but it is less environmentally conscious. Data sets were also obtained via WorldClim (www.worldclim.org) and the current-day Bd SDM was projected onto these data sets in order to assess the future potential distribution of Bd.
RESULTS AND DISCUSSION
The conducted Bd model received 'good' to 'excellent' AUC values following previously given definitions (Swets 1988) , suggesting a high quality of our SDM output (mean AUC training = 0.937; mean AUC test = 0.910). Analysis of the relative contribution of each variable to the 100 models revealed that annual mean temperature had the highest explanatory power (28.7 to 53.5%, mean ± SD = 44.29 ± 4.79%), followed by maximum temperature of the warmest month (13.70 to 36.10%, mean ± SD = 23.15 ± 4.31%). Mean contributions of the other variables were below 10%. Modelbased uncertainties in future predictions in terms of standard deviations of Maxent values per grid cell were comparatively low (Fig. S1 in the supplement, available at www.int-res.com/articles/suppl/dao02197_ app.pdf). The mean minimum training presence was 0.05 (0.01 to 0.18, SD = 0.03) and the mean lowest 10th percentile training presence was 0.28 (0.21 to 0.35, SD = 0.03).
As pointed out in previous studies aiming to model Bd's potential distribution based on current climate (Ron 2005 , Puschendorf et al. 2009 , Rödder et al. 2009a , the areas of highest suitability to the pathogen have a patchy distribution (Fig. 1A) . In the tropics, Bd is largely associated with higher altitudes including the Mexican Meseta, the Andean massif, Pantepui and the Mata Atlantica in the Neotropics, the Cameroon Mountains, Ethiopian highlands and higher portions of the Rift Valley and eastern Madagascar in the Aethiopis, and the Sumatran and New Guinean highlands in the Orientalis. Towards the poles, in the Northern Hemisphere the highest suitability for Bd occurs over almost all of western Europe, the southern Himalayan slopes and adjacent areas in China to the east, while in the Southern Hemisphere, large portions of southern South America and southeastern Africa as well as New Zealand and southern and southeastern Australia are most suitable for Bd. Many of these regions coincide with hotspots of amphibian species richness and endemism expected to be susceptible to Bd infection , Röd-der et al. 2009a .
The projected Maxent SDMs in Fig. 1B ,C show the potential distribution of Bd as expected for 2080. Since our SDM projections onto the CCCMA, CSIRO and HADCM3 scenarios merely revealed minor differences, only mean values are given in Fig. 1B ,C (for particular A2a and B2a SDM maps of each scenario see Figs. S2 & S3 in the supplement). Both maps are largely similar, identifying the following as the most suitable regions for Bd (in terms of highest Maxent values): the Mexican Meseta, the Andean region, western Europe, part of the East African Rift Valley, China's Yunnan Province, part of New Guinea, the southern edges of South America, Africa and Australia, and New Zealand. Large portions of North America, western Europe, southern Asia and the southernmost regions of the Southern Hemisphere are also within the potential distribution of the amphibian chytrid fungus, but at a lower level of suitability. The tropics are least suitable for Bd, with the exception of highland regions.
Compared to the SDM based on current climate (Fig. 1A) , regions suitable for Bd in the future largely remain suitable, except for most of the tropical lowlands (e.g. Amazon and Congo River basins). It is noteworthy that climatic suitability for Bd in terms of Maxent values per grid cell decreases under anthropogenic future climate change scenarios with the A2a family (i.e. less environmentally conscious) (Fig. 2) . This is particularly applicable to tropical and subtropical regions, for example, the Mexican Meseta, the northern Andes, the southeastern coastal region of South America, Africa (southwest and Rift Valley highlands), Madagascar, southern Asia and Australia (Fig. 1B,C) .
There are 3 possible alternatives to how species ranges may respond to climate change when niche conservatism is expected: they may (1) increase, (2) decrease or (3) geographically shift in (potential) distribution (Parmesan & Yohe 2003 , Parmesan 2006 . All 3 responses occur in the conducted SDM for the future potential distribution of Bd, with geographical range shift being predicted as the most common mode of change, i.e. towards higher latitudes and altitudes. Lafferty (2009) emphasized that, as all species, infectious diseases have upper and lower limits of their temperature tolerance. This may be expected to lead to shifts in their (potential) distributions if climate changes. The thermal limit of Bd is reached at 28°C, where growth is inhibited, whereas prolonged periods above 30°C are lethal (Piotrowski et al. 2004) . Furthermore, clinical studies have shown that transmission efficiency is likely to decrease with a rise in temperature, as this reduces both the fecundity per fungal sporangium and the period that zoospores are infectious (Woodhams et al. 2008) . Currently, many tropical lowland areas in which Bd has been detected may at times reach temperatures at or above its thermal limit. The expected temperature increase will possibly render such regions unsuitable, e.g. by moving the temperature of colder microclimates above a critical threshold where Bd can persist. On the other hand, our SDM future projections indicate that the expected temperature increase may enhance Bd spread and successful establishment at higher altitudes in the tropics, especially in the Andes of South America. These results are consistent with observations in this region (e.g. Pounds et al. 2006 , Seimon et al. 2007 ) and may also hold truth for others. SDM future projections also indicate that in temperate regions, Bd suitability, as a general trend compared to today, will decrease. However, especially in the Northern Hemisphere (e.g. northern North America and western Europe), this is contrasted by an increase in area highly suitable for the fungus (Fig. 1B,C) . This does not compensate for the general area decrease, however (Fig. 2) .
Even if climatic suitability for Bd decreases with anthropogenic future climate change, this does not mean per se that the risk for amphibian species to be affected by chytridiomycosis will respond correspondingly. This central question remains unstudied, as it is still unclear what exact mechanisms trigger clinical chytridiomycosis (Fisher et al. 2009 ). However, the development in the distribution of chytridiomycosis may very well have a trend parallel to that of the predicted optimal conditions for Bd. Under the current climate, Rödder et al. (2009a) assessed the extinction risk for more than 3500 species of anuran amphibians by combining their expected susceptibility to Bd and Bd probability within species ranges. However, (potential) geographic ranges of most of these species under anthropogenic future climate change cannot currently be predicted. For successful model building, detailed information on species' natural history is pivotal (Röd-der et al. 2009b,c) , and such information is unavailable for the bulk of the global amphibian taxa. Only when knowledge on species-specific responses to particular climate variables is accessible (as for Bd; Woodhams & Alford 2005 , Pounds et al. 2006 , Rachowicz et al. 2006 , Lips et al. 2008 , Kielgast et al. 2009 ) can reliable future SDM projections be made , Rödder et al. 2009b . 
